ABSTRACT Middle East respiratory syndrome coronavirus (MERS-CoV) has represented a human health threat since 2012. Although several MERS-related CoVs that belong to the same species as MERS-CoV have been identified from bats, they do not use the MERS-CoV receptor, dipeptidyl peptidase 4 (DPP4). Here, we screened 1,059 bat samples from at least 30 bat species collected in different regions in south China and identified 89 strains of lineage C betacoronaviruses, including Tylonycteris pachypus coronavirus HKU4, Pipistrellus pipistrellus coronavirus HKU5, and MERSrelated CoVs. We sequenced the full-length genomes of two positive samples collected from the great evening bat, Ia io, from Guangdong Province. The two genomes were highly similar and exhibited genomic structures identical to those of other lineage C betacoronaviruses. While they exhibited genome-wide nucleotide identities of only 75.3 to 81.2% with other MERS-related CoVs, their gene-coding regions were highly similar to their counterparts, except in the case of the spike proteins. Further protein-protein interaction assays demonstrated that the spike proteins of these MERS-related CoVs bind to the receptor DPP4. Recombination analysis suggested that the newly discovered MERS-related CoVs have acquired their spike genes from a DPP4-recognizing bat coronavirus HKU4. Our study provides further evidence that bats represent the evolutionary origins of MERS-CoV.
C oronaviruses (CoVs) infect a wide range of mammalian and avian hosts, causing respiratory, enteric, hepatic, or neurological diseases of varying severity. These viruses have the largest genomes among all RNA viruses, leading to an increased number of replication errors compared to the host genome (1) . Different CoVs can also recombine their genomes upon infecting the same host cell, contributing substantially strains, we selected the two that were the most closely related to MERS-CoV for sequencing the entire full-length genome.
Characterization of full-length genomes of novel bat MERS-related CoVs. Both of the sequenced strains were derived from I. io samples and were named BtCoV/Ii/ GD/2013-845 and BtCoV/Ii/GD/2014-422. Both genomes are 30,113 nucleotides long, with GϩC contents of 40.80% and 40.98%, respectively. They exhibit genomic structures and transcription regulatory sequences (TRS) that are identical to those of other lineage C BetaCoVs ( Fig. 1C and Table 2 ). The only exceptions are ORF4b and ORF8b, which do not have TRS preceding them; hence, these two open reading frames (ORFs) may be translated from bicistronic mRNAs ( Table 2 ; subgenome analysis data not shown). The replicase ORF1ab is ϳ21,300 nucleotides long and encodes a number of putative proteins, including Nsp3 (papain-like protease; PLpro), Nsp5 (chymotrypsinlike protease; 3CLpro), Nsp12 (RdRp), Nsp13 (helicase), and other proteins of unknown function (Table 3) . A separate comparison of the amino acid sequences of seven conserved ORF1ab domains is presented in Table 4 , as suggested by the International Committee on Taxonomy of Viruses (ICTV) for formal CoV species delineation. The sequence identities of the seven concatenated domains of ORF1ab between these two novel MERS-related CoVs and MERS-CoV are around 90%, which is the threshold for defining a single viral species as proposed by the ICTV. We next examined the complete genomic sequences of BtCoV/Ii/GD/2013-845 and BtCoV/Ii/GD/2014-422 (Table 4 ; see also Fig. 3A) . The two genomes share only 88.1% nucleotide identity, suggesting considerable polymorphism between these two strains. The K a /K s ratios (where K s is the number of synonymous substitutions per synonymous site and K a is the number of nonsynonymous substitutions per nonsynonymous site) are generally low in the two MERS-related CoVs for all genes except ORF8b, suggesting that the remaining genes have evolved under purifying selection (data not shown).
Particularly divergent are the 5=-terminal regions of the S gene, as well as of ORF4a, ORF4b, and ORF5. As the 5=-terminal region of the S gene encodes the RBD, it is interesting that two CoVs isolated from the same host species in the same sampling location contain divergent RBDs. Overall, the genomic sequences of both BtCoV/Ii/GD/ 2013-845 and BtCoV/Ii/GD/2014-422 are more similar to that of MERS-related CoV than to those of other lineage C BetaCoVs. We further investigated the individual genes and predicted protein sequences of the two novel MERS-related CoVs (Table 4 ). The membrane (M) protein is the most conserved, with an identity of 95.4% between the two novel strains and MERS-CoV. ORF3 is the least conserved, with 50.0% identity between the two novel strains and MERS-CoV. Phylogenetic analysis of polyprotein 1 and the E, M, and N proteins suggests that the two novel strains are more closely related to MERS-related CoV than to other lineage C BetaCoVs (Fig. 2) . The predicted RdRp sequences of the two newly detected strains are closely related to MERS-CoV and other MERS-related CoVs, with 94.4 to 97.0% amino acid identities. In contrast, their spike proteins are highly divergent from those of MERS-CoV and other MERS-related CoVs, with 43.3 to 64.9% amino acid identities (Table 4 ). Phylogenetic analysis suggests that the RdRp genes form an independent cluster closely related to MERS-CoV. In comparison, the S genes form an independent cluster closely related to HKU4 (Fig. 2) .
Recombination analysis of novel bat MERS-related CoV S gene. We further focused on the spike protein, which is the most divergent among all CoV proteins and responsible for receptor binding and virus entry. The S proteins of BtCoV/Ii/GD/2013-845 and BtCoV/Ii/GD/2014-422 are 1,349 and 1,356 residues long, respectively. Their ectodomains include residues 1 to 1293 and 1 to 1298, respectively, while their transmembrane anchors include residues 1294 to 1316 and 1299 to 1321, respectively, and their RBDs include residues 371 to 592 and 372 to 593, respectively. Based on our analysis, at least two recombination events have occurred among the S genes of these two viral strains and other lineage C BetaCoVs (Fig. 3A) . The recombination event involving the RBD (BtCoV/Ii/GD/2013-845 breakpoints at nucleotide [nt] 22694/23467; BtCoV/Ii/GD/2014-422 breakpoints at nt 22732/23306) includes a bootscan value of Ͻ10 Ϫ38 , indicating significant evidence for this event (Fig. 3B) . Unlike the full-length S protein, their spike RBDs are more similar to the HKU4 RBD than to the MERS-CoV or HKU5 RBDs. Therefore, recombination may have occurred between the ancestor of the two novel MERS-related CoVs and HKU4. Moreover, the bootscan results also showed that the S1 subunits of the two viruses were derived from the ancestor of HKU4, while their S2 subunits were derived from the ancestor of HKU5 (Fig. 3) . The complicated recombination history between these lineage C BetaCoVs suggests frequent gene transfers, especially of the S gene, among different CoVs, which may be responsible for the cross-species transmission of these CoVs. Binding assay of BtCoV/Ii/GD/2014-422 spike protein to DPP4. Thirteen residues in the MERS-CoV S-RBD were shown to directly interact with human DPP4 as part of the RBD-human DPP4 complex. The S-RBDs of the novel MERS-related CoVs are identical to that of MERS-CoV at six residues, making them more similar to MERS-CoV than any other known lineage C BetaCoV (Fig. 4A) .
To understand the receptor usage of the newly detected novel MERS-related CoVs, we selected the BtCoV/Ii/GD/2014-422 spike protein for detailed functional studies, as human and bat DPP4 (Fig. 4B) . Both MERS-CoV and HKU4 RBDs, used as controls, bound to human and bat DPP4, but the HKU5 RBD did not. Second, dot blot hybridization assays confirmed the above-described results (Fig. 4C) . Third, we established a BtCoV/ Ii/GD/2014-422 spike-mediated pseudovirus entry assay. To this end, retroviruses pseudotyped with BtCoV/Ii/GD/2014-422 spike were incubated with bat cells exogenously expressing or not expressing DPP4. The results showed that bat cells exogenously expressing human or bat DPP4 support entry of BtCoV/Ii/GD/2014-422 pseudoviruses, while bat cells not expressing DPP4 do not ( Fig. 5A and B) . Lastly, the entry of BtCoV/Ii/GD/2014-422 pseudoviruses into hDPP4-expressing bat cells was inhibited by anti-DPP4 antibodies (Fig. 5B) . Taken together, these results reveal that the BtCoV/Ii/GD/2014-422 spike protein recognizes the human and bat DPP4 receptors via the RBD.
Cross-neutralization assay of anti-MERS-spike antibodies to novel bat MERSrelated CoV. We used BtCoV/Ii/GD/2014-422 spike-mediated pseudovirus entry assay to test the cross-neutralization reactivity of MERS-CoV antibodies. Neither antiserum nor monoclonal antibody could neutralize the entry of BtCoV/Ii/GD/2014-422 pseudoviruses (Fig. 6 ), suggesting no cross-neutralization reaction between BtCoV/Ii/GD/2014-422 and MERS-CoV. 
DISCUSSION
In this study, we identified and characterized two novel MERS-related CoVs from great evening bats in south China. Lineage C BetaCoVs are widely distributed across old-world continents and North America (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Along with the newly identified BtCoV/Ii/GD/2013-845 and BtCoV/Ii/GD/2014-422 strains, there are three different clusters of lineage C BetaCoVs that are closely related to MERS-CoV, including HKU4 and HKU5 (38) . Our study shows that MERS-related CoVs are highly associated with vespertilionid bats, a widely distributed and highly diverse family within the Microchioptera suborder (39) . These viruses are not present in other bat families at the same or nearby sampling locations. However, MERS-related CoVs have the widest tropism among lineage C BetaCoV in bats (9) . Complete genomes were acquired from Hypsugo (40) , Ia, Neoromicia (7), Pipistrellus (9), and Vespertilio (8) genera. In comparison, CoVs in the HKU4 and HKU5 clusters are highly prevalent among Tylonycteris and Pipistrellus bats, respectively (5, 26). Moreover, we detected different clusters of CoVs at the same or 
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Journal of Virology nearby sampling locations within the same bat species. For example, viruses in the MERS-CoV and HKU5 clusters were both detected in Pipistrellus bats at the same or nearby sampling locations in south China. These complex combinations of bat and lineage C BetaCoV species provide opportunities for these viruses to undergo interspecies transmissions, coinfections, and genetic recombination. Furthermore, our study provides evidence for genetic recombination among bat CoVs of the lineage C BetaCoVs. More specifically, evidence for at least two recombination events was observed in the S genes of the two novel MERS-related CoVs, including a recombination event between viruses in the MERS-related CoV and HKU4 clusters that allowed the two viruses to acquire a DPP4-binding S1 subunit from HKU4 (17) and another recombination between viruses in the MERS-related CoV and HKU5 clusters that allowed the two viruses to acquire an S2 subunit from HKU5. These recombination events likely occurred in bat hosts because of the above-mentioned complex combinations of bat and lineage C BetaCoV species.
To date, bat viruses in the MERS-related CoV cluster that do not use DPP4 as their receptor have all been identified in Africa (9), whereas one that uses DPP4 as its receptor has been detected in Asia (17, 26, 40) . The current study provides new evidence that bat MERS-related CoV identified from I. io uses DPP4 as its host receptor, demonstrated by using a combination of experimental approaches, including AlphaScreen, dot blot hybridization, pseudovirus entry, and antibody neutralization. It should be noted that receptor analyses in previous reports and the current study were all based on protein-protein interaction and pseudovirus techniques due to the lack of virus isolation. To fully understand entry and replication efficiency and pathogenesis of these MERS-related CoVs in vivo and in vitro, study of virus isolation or construction of infectious clones will be essential in the future.
Despite having receptor usage similar to that of MERS-CoV, anti-MERS-spike polyclonal and monoclonal antibodies could not block the bat MERS-related CoV spikemediated pseudovirus entry. These results indicate that the preventive vaccine against MERS-CoV is not applicable for these bat viruses. Considering the diversity of MERSrelated CoVs in natural reservoirs and potential spillover, the strategy and alternative vaccine for prevention and control of diseases potentially caused by these bat viruses should be prepared in advance.
In summary, the current study indicates that there are more and highly diverse MERS-related CoVs existing in natural bat hosts, and some of them have the potential to spill over by sharing the same host receptor as MERS-CoV. In order to understand the evolutionary history of MERS-CoV and to prevent future emerging infectious diseases, it is critical to take extensive and long-term surveillances for those that are more closely related to MERS-CoV than those currently discovered, with particular focus on Africa and the Middle East.
MATERIALS AND METHODS
Ethics statement. All sampling procedures were performed by veterinarians with approval from the Animal Ethics Committee of the Wuhan Institute of Virology (WIVH5210201). The study was conducted in accordance with the Guide for the Care and Use of Wild Mammals in Research of the People's Republic of China.
Sample collection. The animal surveillance program was conducted from the summer of 2012 to the autumn of 2015 in three southern provinces (Guangdong, Guangxi, and Sichuan) of China. Alimentary specimens were collected using procedures described previously (18) . All specimens were collected using disposable swabs and protective gloves that were changed between samples for preventing cross contamination and were immediately placed in viral transport medium. All samples were kept in liquid nitrogen or dry ice before transportation to the laboratory for RNA extraction.
RNA extraction. Viral RNA was extracted from the alimentary specimens using a High Pure viral RNA kit (Roche Diagnostics GmbH, Mannheim, Germany). RNA was extracted from 200 l of sample, used as the template for RT-PCR, eluted in 50 l of RNase-free water provided by the viral RNA extraction kit, and stored at Ϫ80°C.
RT-PCR for CoV detection. Two pairs of previously described conserved nested primers (1st round, CoV-FWD3, 5=-GGTTGGGAYTAYCCHAARTGTGA-3=; CoV-RVS3, 5=-CCATCATCASWYRAATCATCATA-3=; 2nd round, CoV-FWD4/Bat, 5=-GAYTAYCCHAARTGTGAYAGAGC-3=; CoV-RVS3, 5=-CCATCATCASWYRAATCATC ATA-3=) for amplifying a 440-bp fragment of the CoV RdRp gene were used for initial CoV screening (19) . The first round of screening PCR was performed with a Superscript III one-step RT-PCR with Platinum Taq kit (Invitrogen, San Diego, CA). The second round of screening PCR was performed with a Platinum Taq DNA polymerase kit (Invitrogen, San Diego, CA).
Host species identification. Host species were identified first morphologically and then by amplifying and sequencing the NADH dehydrogenase subunit 1 (ND1) gene and/or the cytochrome b (CytB) gene (20, 21) . The sequence data, excluding primer sequences, were assembled, and BLASTN (default parameters) was used to identify host species based on the most closely related sequences with the highest query coverage and a minimum identity of 95%.
Sequencing of full-length genomes. Two novel MERS-related CoV strains, named BtCoV/Ii/GD/ 2013-845 and BtCoV/Ii/GD/2014-422, were selected for amplification of their complete genomes through gene walking with primers based on the sequences of known MERS-related CoVs as previously described (primers provided upon request) (22) . The 5= and 3= ends of the viral genomes were confirmed by rapid amplification of cDNA ends (RACE) using a 5=/3= RACE kit (Clontech, Heidelberg, Germany). Sequences were assembled and manually edited to produce final sequences of the viral genome with Lasergene SeqMan (v7; DNASTAR, Madison, WI).
Genome analysis. Putative open reading frames (ORFs) were predicted using NCBI's ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/), with a minimal ORF length of 150 nt, and then inspected manually. The nucleotide sequences of the genomes and the deduced amino acid sequences of the ORFs were preliminarily compared to those of other CoV full-length genome sequences available from EMBOSS Needle (http://www.ebi.ac.uk). Sequencing alignment were performed in MEGA (v6.0) with the ClustalW method (23, 24) . The similarity plot (window size, 400 bp; step size, 40 bp) was generated with Simplot (v3.5.7) (25) . Pairwise comparison of the complete genome and putative proteins was calculated using MEGA 6.0 (24) with a previously described method (26) . The TRSs and nonstructural protein (nsp1 to nsp16) prediction was done according to described methods (27) . Phylogenetic trees were constructed using the maximum likelihood method set as previously described (5), with 100 bootstrap replications in MEGA (v6.0) (24) . Protein family analysis was performed using PFAM (28) and InterProScan (29) . The genome recombination bootscan plot (window size, 1,500 bp; step size, 300 bp) was first scanned using the Recombination Detection Program (RDP; v4.94 Beta) (30) and then generated using Simplot (v3.5.7) (25) .
Estimation of synonymous and nonsynonymous substitution rates. The corrected Nei-Gojobori method (Jukes-Cantor) in the KaKs Calculator (v2.0) (31) and the Ka/Ks calculation tool were used to calculate the number of synonymous substitutions per synonymous site (K s ) and the number of nonsynonymous substitutions per nonsynonymous site (K a ) for each coding region between each pair of strains.
Cell lines. The HEK293T (human embryonic kidney) and Tb1-Lu (Tadarida brasiliensis bat lung) cell lines were obtained from the ATCC (www.atcc.org). These cell lines were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 1% penicillin-streptomycin (Life Technologies Inc., Grand Island, NY).
Protein expression and purification. The RBDs of the spike proteins of MERS-CoV (residues 367 to 588; GenBank accession no. AFS88936), HKU4 (residues 372 to 593; GenBank accession no. ABN10839), BtCoV/Ii/GD/2014-422 (residues 357 to 592), and HKU5 (residues 375 to 586; GenBank accession no. ABN10875) were expressed and purified as previously described (32, 33) . Briefly, CoV RBDs containing an N-terminal honey bee melittin signal peptide and a C-terminal human IgG4 Fc tag were expressed in insect cells using the Bac-to-Bac expression system (Life Technologies Inc.), secreted into cell culture medium, and purified sequentially on HiTrap protein G HP columns and Superdex 200 gel filtration columns (GE Healthcare, Pittsburgh, PA).
The ectodomains of human DPP4 (residues 39 to 766; GenBank accession no. NP_001926) and Pipistrellus bat DPP4 (residues 36 to 760; GenBank accession no. KC249974), containing an N-terminal human CD5 signal peptide and an N-terminal His tag, were expressed and purified using the same procedure as that for CoV RBDs, except they were purified sequentially on HiTrap nickel-chelating HP columns and Superdex 200 gel filtration columns (GE Healthcare) (17) .
AlphaScreen protein-protein binding assay. Interactions between CoV RBDs and human or bat DPP4 were measured using AlphaScreen, as previously described (34, 35) . Briefly, each of the Fc-tagged CoV RBDs at a final concentration of 3 nM was mixed with 100 nM His 8 -tagged hDPP4 or bDPP4 in half of an AreaPlate (PerkinElmer, Waltham, MA) for 1 h at room temperature as recommended by the manufacturer. AlphaScreen nickel chelate donor beads and AlphaScreen protein A acceptor beads (PerkinElmer) were added to the mixture at a final concentration of 5 g/ml. The mixtures were incubated at room temperature for 1 h and protected from light. The assay plates were read using an EnSpire plate reader (PerkinElmer).
Dot blot hybridization assay. Dot blot hybridization assays were performed as previously described (36) . Briefly, 2 l of each 50 g/ml Fc-tagged CoV RBD was dotted onto a nitrocellulose membrane. The membranes were dried completely and blocked with 5% skim milk at 37°C for 1 h. A sample of 20 g/ml His 8 -tagged hDPP4 or bDPP4 was preincubated at 37°C for 1 h, added to the membrane, and incubated at 4°C overnight. The membrane was washed five times with phosphate-buffered saline with 0.1% Tween 20 (PBST), incubated with anti-His 6 mouse monoclonal IgG1 horseradish peroxidase-conjugated antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at 37°C for 2 h, and washed five times with PBST. Finally, the bound proteins were detected using ECL plus (GE Healthcare).
BtCoV/Ii/GD/2014-422 spike-mediated pseudovirus entry into human and bat cells. Retroviruses pseudotyped with MERS-CoV spike, BtCoV/Ii/GD/2014-422 spike, or no spike (mock) were used to infect Tb1Lu cells trans-expressing hDPP4, bDPP4, or no DPP4 in 96-well plates. Measurements of infection and luciferase activity were conducted as described previously (17) .
